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O Abstract 

^i We develop tools to engineer de Sitter vacua with semi- holographic duals, using elliptic fibra- 

Jil^ tions and orientifolds to uplift Freund-Rubin compactifications with CFT duals. The dual brane 

(^ construction is compact and constitutes a microscopic realization of the dS/dS correspondence, re- 

. . alizing d-dimensional de Sitter space as a warped compactification down to [d — l)-dimensional de 

.1^ Sitter gravity coupled to a pair of large-N matter sectors. This provides a parametric microscopic 

/\ interpretation of the Gibbons-Hawking entropy. We illustrate these ideas with an explicit class of 

Cd examples in three dimensions, and describe ongoing work on four-dimensional constructions. 
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1 Introduction 

The Gibbons-Hawking entropy of the de Sitter horizon [Tj invites a microscopic interpreta- 
tion and a holographic formulation of inflating spacetimes. Much progress was made in the 
analogous problem in black hole physics using special black holes in string theory whose mi- 
crostates could be reliably counted, such as those analyzed in |21IS]; this led to the AdS/CFT 
correspondence P] . In contrast, a microscopic understanding of the entropy of de Sitter space 
is more difficult for several reasons including its potential dynamical connections to other 
backgrounds (metastability), the absence of a non-fluctuating timelike boundary, and the 
absence of supersymmetry. 

In this paper, we develop a class of de Sitter constructions in string theory, built up 
from AdS/CFT dual pairs along the lines of [5J, which are simple enough to provide a 
microscopic accounting of the parametric scaling of the Gibbons-Hawking entropy. These 
models realize microscopically a semi-holographic description of metastable de Sitter space 
which had been derived macroscopically in 0. It would also be interesting to connect this 
to other approaches to de Sitter holography such as [3 |B] and to other manifestations of 
the de Sitter entropy such as [9] |^ The construction is somewhat analogous to neutral black 
branes analyzed in [TT] . 

We will begin in ^ by explaining the salient features of the holographic duality and of 
the de Sitter construction which realizes it microscopically. In ^we will lay out our methods 
in more detail, applying them to worked examples of dS^ in ^ Finally, ^ discusses further 
directions and ongoing work, including dS^ constructions in progress. 



2 dS holography and microscopy 

A semi-holographic duality follows simply by recognizing the de Sitter static patch as a 
warped compactification 

dsls, = dw^ + sin^ f £-j dsls,_,. (2.1) 

The warp factor sin^ (w/Rds) goes to zero at w = 0, iiRds and rises to a finite maximum in 
between, implying two warped throats and a propagating graviton in d—1 dimensions. Such 
a semi-holographic duality is familiar in the study of warped compactifications (such as [T2] ) 
and Randall-Sundrum models [13] . In these systems, the bulk of the throats admits a dual 
description in terms of a field theory (as in [S]), but the finite maximum of the warp factor 
implies that this field theory is cut off at a finite scale and coupled to gravity [IHl US, [16] . 



The main observation in [6] was that the same statements apply to de Sitter (2.1) 



^See (TU] for a different proposal. 



This macroscopic derivation of a holographic description leaves open the question of 
what degrees of freedom build up the two throats microscopically. In this work, we find that 
'uplifting' AdS/CFT brane constructions to de Sitter space automatically produces the two- 
throat structure, while revealing (example by example) the microscopic degrees of freedom 
that build up the throats. 

Before turning to the detailed examples, let us explain the main features of the con- 
struction and its realization of de Sitter holography. Freund-Rubin solutions of the form 
AdSd X B"- X j'^o-d-n^ with B^ positively curved and with fluxes threading through the com- 
pactification, provided the first examples of the holographic AdS/CFT duality |1]. These 
can be described in terms of a d-dimensional effective potential (as in [I7j), with a negative 
curvature-induced term arising from the dimensional reduction of the Einstein term ^/g^Z, 
played off against a positive term from the flux energy. 

In the dual brane construction, these fluxes and the corresponding geometry arise from 
the presence of color branes (e.g. D3-branes in the canonical AdS^ x S^ example and D1-D5 
for AdSs X S^ X T^) probing the space transverse to their worldvolume directions. The space 
probed by these branes takes the form of a cone with base B"", 

ds^ = dw'^ + R{wfds\ (2.2) 

with R{w) = w. For our purposes it will be useful to review how this comes about in the 
following way. The equations of general relativity applied to the radius R{w) of the base 
require 

(dR/dw) 1 

with the + sign corresponding to the positive curvature of -B". This is a radial analogue 
of the Friedmann equation of cosmology, with R'/R (prime denoting differentiation with 
respect to the radial coordinate w) playing the role of Hubble, and we have included only 
the curvature term on the right hand side because this is all that contributes in the absence 
of the color branes. This has the solution R = w, giving the metric ds'^ = dw"^ + w'^ds% of a 
noncompact cone. 

In the presence of the color branes, the near horizon AdSd solution arises from a compe- 
tition of the positive curvature of i?„ against flux terms which must be included on the right 



hand side of (2.3) along with the curvature of the d noncompact dimensions. 

Starting from these Freund-Rubin solutions, we will next add ingredients to "uplift" 
the AdS solution to dS, deriving an effective potential which has minima with positive 
cosmological constant. Then, we will ask what becomes of the original AdS/CFT brane 
construction in the process of uplifting. 

The method we will use to achieve the uplifting is to introduce, among other things, 

(i) Contributions which overcompensate the positive curvature in the original Freund-Rubin 



compactification. One such ingredient is an elliptic fibration of the T^° " '^ over B^, 

T 10— n—d . -\i 
— > yio-d 

i 

S" (2.4) 

which introduces negative contributions to the scalar curvature that compete with the neg- 
ative potential term in the original Freund- Rubin compactification [5]. NS5-branes at real 
codimension two on the base B also compete with its curvature. D-branes wrapping all of B"- 
(along with suitably stabilized anti-branes or other sources canceling their charge) dominate 
in the expansion in inverse radii and can play an important role in the uplifting, though they 
are subdominant in the string coupling and hence must be combined with other sources. 

(ii) Orientifolds, at higher codimension than the leading uplifting term, to generate the 
intermediate negative term in the potential required to obtain a metastable minimum. 

We will explain this and related methods in a detailed class of [AjdSs examples in the 
remainder of the paper; further examples in four dimensions are in progress [18] . For now, 
let us assume such a construction exists and analyze its effect on the brane construction and 
the structure of the resulting holographic dual. 

Elliptic fibrations (i) can be thought of as a configuration of 5-branes as in P^ I2U] ; we will 
call these "stringy cosmic 5-branes (SC5s)". Since they are extended in the radial direction, 
they are fiavor branes and in general introduce both electric and magnetic matter. Neveu- 
Schwarz branes and spacefilling D-branes also contribute fiavors. Orientifolds (ii) project the 
D-brane theory onto a different gauge group, flavor group, and matter content, with unitary 
groups replaced by orthogonal or symplectic groups. 

More signiflcantly, we would like to understand what happens to the space - the analog 
of the cone described above - on which the color branes live. We will in particular consider 



what uplifting does to the equation (2.3) satisfled by R (the radial modulus of the base) in 
the absence of the flux contributed by the color branes. In general, this problem is more 
complicated than in the simplest AdS/CFT models: removing the flux will destabilize many 
moduli in general, leading to radial and/or time evolution of more than just R. In a given 
construction, one may study this in detail. However, there is a general qualitative feature of 
the de Sitter brane construction which follows more simply. 

Let us start with a conflguration, at some initial time, in which the non-radial moduli are 
independent of w, and carry zero kinetic energy. We can then focus on the radial modulus 
R, solving its equation of motion by letting it vary radially with w. Given the uplifting, the 
radial Friedmann equation is now of the form 

R'iwY 1 const 

— -—- ~ \ (2.5) 



We have taken into account that the positive-curvature term in (2.3) has been overcompen- 



sated. We have also included the orientifold stress-energy of the uplifted model, and in order 



for this to provide an intermediate negative term in the potential we must have rii < n2Q 

Since n2 > rii, there will be points at which R'{w) = 0, so the radius R grows to a 
maximum size and then proceeds to decrease again. In the analogue Friedmann equation, 
this is like a closed universe in the radial direction. (Note that since we are discussing 
spatial rather than temporal evolution, the case of a closed universe follows from negative 
rather than positive curvature.) The cone of the AdS/CFT brane construction has become 
a compact space in the de Sitter case. 

Now let us add back in the color branes. In the AdS case, we place color branes at the 
tip of a cone, and they warp the geometry to produce a Freund-Rubin flux compactification. 
In the dS case, since the radial direction is compact, there is a second tip where R shrinks to 
zero size. If we put color branes at one tip and anti-branes at the other, this again generates 
the flux which plays off against the other ingredients to stabilize the compactification. The 
two tips in the brane construction correspond to the two warped throats comprising the de 
Sitter static patch. That is, the brane construction corresponding to the uplifted model has 
automatically produced a microscopic realization of these throats! 

As in the cosmological analogue, this geometry can develop curvature singularities at the 
tips where R{w) shrinks to zero size; these are radial analogues of a big bang and big crunch. 
These generalize the conical singularity in familiar AdS/CFT examples. The nature of the 



singularities depends on the powers rii and n2 arising in (2.5). The second (orientifold) term 



dominates the right hand side of (2.5) near R = 0. In the case of negative curvature, rii = 2 
and n2 > 2; in this case the orientifold term induces a timelike singularity which is worse 
than conical. This has to do with the singularity at the cores of the orientifolds, which would 
be interesting to resolve. However, in our construction below this question is evaded, as the 



leading i?-dependences in (2.5) will yield rii = 0,n2 = 2 at fixed string coupling. 



In the presence of the flux corresponding to Nc color branes, the right hand side of 



the radial Friedmann equation (2.5) acquires one or more additional terms of the form 
~ —N'^/R^^ (with 2n > n2). This dominates at small R and prevents the crunch or bang 
singularity from happening. Once all the ingredients are included in a way which yields a 
complete stabilization mechanism, R' goes to zero for all w (as the moduli are stabilized) 



and the right hand side of (2.5) acquires new terms including the d-dimensional de Sitter 
curvature. 

In the regime of couplings applicable to the de Sitter solution, the color branes are best 
described in terms of their dual gravity solution. The first, simplest examples of AdS/CFT 
dual pairs had a line of fixed points connecting the regimes of weak and strong coupling in 
the low energy limit of the brane construction. In cosmological solutions such as this (and 
also for generic gauge/gravity duals, even some such as [21] closely related to the original 
examples of AdS/CFT), there is not a line of maximally symmetric solutions allowing one 



^For the purposes of the present heuristic discussion, we have not included kinetic mixing of moduh; we 



win address this below in (3.251 and find that it does not change the qualitative result. 
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Figure 1: de Sitter brane constructions are compact as a result of the net positive potential 
energy carried by the flavor branes, curvature, and orientifolds. The two tips with color 
branes or antibranes correspond to the two warped throats of dSd in the dSd-i slicing. 



to continue between weak and strong couplings regimes of the brane construction. One 
may, however, consider weakly coupled, but less symmetric, time dependent backgrounds by 
analyzing the runaway region near weak coupling and/or large radius. 

As we discussed above, the dS/dS correspondence is 'semiholographic' in the sense that 
the Planck mass is finite and {d — l)-dimensional gravity does not decouple. Nevertheless, 
as we will show below, the dS entropy can be understood parametrically in terms of the 
degrees of freedom of the brane system. The reason for this is fairly simple - the ingredients 
we add to uplift add a small number of flavors and projections to the original AdS brane 
system, which does not change its entropy as a function of large quantum numbers such as 
the dimensions of the color groups. 



3 General techniques 

Our technique for stabilizing moduli while uplifting AdS/CFT dual pairs can be thought of 
as a combination of two familiar methods: Freund-Rubin stabilization, and the identification 
of elliptically fibered manifolds with branes on their base. In this section, we discuss the 
general methods involved in this construction before coming to an explicit class of examples 

de Sitter model-building in string theory (without a connection to a known holographic 
dual) has proceeded actively since the discovery of the late-time acceleration of the universe 
(see e.g. [17] for some reviews with various perspectives on the problem). Following work 
anticipating the landscape and its role in interpreting the cosmological constant [221 [23], 
early constructions make use of the positive leading potential from supercriticality [21] or 
from anti-D3-branes [25] in warped flux compactifications [12] with non-perturbative contri- 
butions to the superpotential. The latter scenario has provided rich ground for low-energy 
supersymmetric model building in cosmology and particle physics, but particularly for the 
goal of understanding de Sitter holography microscopically it may be advantageous to seek 
simple and explicit de Sitter solutions using perturbative ingredients [26t [27]. 

In this line of development, one lesson thus far has been that brane sources with tension 
~ 1/ g1 play a very useful role in de Sitter stabilization; certain no go results follow in their 
absence. These are a priori more difficult to control at weak string coupling than D-branes. 
One way in which the present work builds further in this direction is to realize such objects 
via elliptic fibration [2Ul [S], which incorporates their backreaction. (In some cases we will 
find that the core sizes of required solitonic branes are controllably small in any case.) 

3.1 The strategy for stabilization 

With their backreaction taken into account, the sets of Nop color branes described above 
are replaced by corresponding RR fiuxes, 

Nn 

,.-/-' = '^"^ ^ ^-^ ~ v-d(^ (3.6) 

where vol(E^~^) denotes the volume of the surface threaded by the fiux. Here we set a' = 1 
and simplify the formulas by omitting numerical factors such as 27r; these will be taken into 
account in the explicit analysis in ^ Also, the metric signature is taken to be ( — h • • • +). 

We look for solutions which are locally of the form 

dSd xBnX Ti°-"-^ (3.7) 



in the presence of background fiuxes (3.6), plus the fiavor branes and orientifolds. The 
radius of dS^ is denoted by Rds- Notice that in general these localized sources will break the 
isometrics of Br, x T^o-n-d_ 



There are two different approaches to this problem. First, one can work directly in ten 
dimensions, looking for solutions to the equations of motion derived from the (string frame) 
action 



''10 



s=^/V-9"»i 



l,„,o. 1,^ 



g-2</,^^(10) ^ 4(y^)2 _ |^^|2) _ 1^^ 



|2 



2' ' ' 2' 



Scs + Sloe ■ (3i 



Here Sqs denotes the type II Chern-Simons terms, and Sioc stands for contributions from 
localized sources, 



Sioc = -T^\ V-^P+^ (3.9) 

This method is preferable when practical. However, explicit solutions to the equations of 
motion can be easily obtained only when enough isometrics are present, which is not the 
case here. 

Instead, we will analyze the d-dimensional effective field theory derived by compactifying 



(3.8) on Bn X 2"io-n-d^ anticipating a solution with internal dimensions small with respect 
to the de Sitter radius Rds- This requires identifying the light scalar fields which must be 
stabilized jj computing their effective potential, and finding a minimum with positive cosmo- 
logical constant. In fact a minimum is not strictly necessary: in order to study accelerated 
expansion, one requires that any tachyonic masses be small compared to the Hubble scale of 
the de Sitter solution. A holographic or semi-holographic description of this situation would 
be interesting in itself. 

To begin with, we will derive an approximate rf-dimensional moduli potential by averaging 
the localized sources over the internal space, ignoring the warp factor. Then it must be 
checked that such a solution can be lifted to a full lOd configuration. The lOd consistency 



conditions will be discussed in ^3.3 and addressed in our specific model in §41 



Three of the moduli consist of the dilaton and internal volume^] 

K = (vol(5„)) , Lj°-"-'^ = (vol(Tio-"-'^)). (3.10) 

In terms of these, the d- dimensional Planck scale from dimensional reduction is 

pn r 10— n— d 

{M,Y-' = ^^ . (3.11) 

S's.O 

It is useful to introduce fluctuating fields with vanishing VEV, 

g, = Qsfle'^ , R = Roe'''' , L = L^e'^^ . (3.12) 

At fixed Planck scale, 0, (Tr and (Tl have kinetic terms independent of the overall volume. 



■^which we will loosely refer to as "moduli" 

"^We use a tilde on the base size ^o because in explicit models such as orbifolds, the base may be anisotropic 
and we will find it useful to reserve the notation R for the curvature radius of the base. 



The effective action becomes 

where here k = 10 — n — d. The dependence of the Einstein term on the fluctuating scalars 
is removed by a Weyl rescahng, 

^it-(^"'^"^"^'^^)'^^'"^^i^ (3-14) 

From now on we work in Einstein frame and drop the 'E' subindex. Then, the action takes 
the form 

Seff = I V^^ [Mt' (7^(") - G,, g^^d.a'd.a^) - U] . (3.15) 

The (positive definite) kinetic term metric Gij for the moduli a* follows by dimensionally 
reducing J y—g^^^^'R}'^^^ on Bn x J'lo-"-'^ in Einstein framer In our normalization for the 
moduli, Gij has order one eigenvalues that depend on d and n. There is kinetic mixing 
between R and L {G^il 7^ 0), reflecting the fact that the overall volume modulus arises from 
the combination R"'L^. 

The (i-dimensional Einstein frame potential energy reads 

, N d/{d-2) 



u = My ^' 



DnTlO-d-n 



loc, q p ^ ' 



(3.16) 



The first two factors come from the Weyl rescaling and the fact that we work at fixed d- 
dimensional Planck mass M^. The second term inside the square brackets is the contribution 



from the localized sources (3.9), and E^+i.^ is the cycle wrapped by the q-brane along the 
internal directions. For D-branes/0-planes, Tq ~ I/Qs] NS5, KK5 and SC5-branes have 
tension T oc l/g"^ that can compete against curvature if they sit at real codimension two on 
the base -Bnjj The last term is produced by the flux backreaction eq. (3.6) from the color 
branes. 



So far, we are ignoring contributions from the warp factor derived carefully in [291 130] 
which we will address below. Note that as is standard, with the Weyl rescaling factor in 
place each term in the effective potential goes to zero at weak coupling or large radius. 

^When backreaction from localized sources is important, a slightly more complicated metric ansatz is 
required and kinetic terms receive warping corrections. We refer the reader to [28] for details. Here we will 
consistently work in the limit of small warping, where such effects can be ignored. 

^The lOd dilaton can vanish or blow up at the cores of localized sources. In our discussion, gg denotes the 
d-dimensional field, which corresponds to an average value of the lOd mode away from the sources. A similar 
comment applies to the complex and Kahler moduli of T^o~n-d^ which can degenerate at the positions of 
SC5 branes. 

9 



3.2 Stabilization procedure 



Minima of Eq. (3.16) are conveniently analyzed with the "abc" method of [26], as follows. 
Before adding the torus fibration, we have curvature 

^^'°''^~4' (3-17) 

where as mentioned above, the curvature radius R may differ from the n*^ root of the volume 
R in anisotropic models such as orbifolds. The potential energy from positive curvature is 

2 \ 2/(d-2) -. 

rd I iJs \ ^ 



Ur ~ -NK -^^^ — . (3.18) 

1 JlnlW-n-dJ R2 ^ ^ 



The calculations simplify in terms of the variable 

,2 \ l/(a!-2) 



ri=-i -^-^ 1 (3.19) 



which gives Ur ~ —M^rf. We note the useful relation between the Planck scale (3.11) and 
the stabilized value of the moduli, 

Md = ivoRo)-' . (3.20) 

Stringy cosmic branes and NS5 branes give positive contributions to ?7^, competing with 
and potentially over-cancelling the curvature potential energy if they arise at real codimen- 
sion two on the base Bn- Orientifold planes and D-branes contribute terms of order ?^('^+2)/2 
with opposite signs; the net effect should give a negative coefficient in front of ry('^+2)/2 (fig_ 
noted below by —b{a), with b{a) > 0). Flux energy scales like t]'^ and always gives a positive 
coefficient c(cr) > 0. Putting everything together, we find an effective potential with the 
structure 

U = Mi r/2 (a(a) - 6((T)r7('^-2)/2 + c{a)r]''-^) , (3.21) 



where here a^ are the moduli different from the combination in Eq. (3.19). The functions 
a(cr), 6(cr) and c(o") are computed from (3.16). 

Let us first consider the AdS case, where only the fiuxes (related to color branes) and 
positive internal curvature are kept: 

a{a) = -1 , bia) = , c(a) = R'^Rr^L^o-n^'^ Yl ;^i(J% " ^^.22) 

The a fields are stabilized at the critical points of c(cr) (denoted by ctq). Plugging this back 
into eq. (3.21) gives a minimum 

Vr = ^ ' ^0 = -Mi ^-^Vl (3.23) 

10 



and a cosmological constant (see eqs. (3.15) and (3.20)) 

2 1 



A. 



Wn 



d 



m: 



d-2 



d 



Rq 



(3.24) 



Of course, this is the well-known result that Freund-Rubin solutions supported only by flux 
and positive curvature have an AdS radius of the same order of magnitude as the internal 



curvature radius, R\^s ~ 



Rq- 



Moving on to the dS case, the ingredients described above give uplifting terms that set 
a(cr) > 0, orientifolds plus D-branes to set b{a) > 0, and flux contributions as in the AdS 
case. It is instructive to first analyze the background solution in the absence of color branes 
(a and b nonzero, but c = 0). This will make contact with the discussion of the radial 



Friedmann equation (2.5) 



We focus on the radial evolution (coordinate w in the slicing of Eq. (2.1)) of the volume 
moduli R and L. As discussed above, generically some of the moduli will become time 
dependent; here we restrict to an initial time where the kinetic energy is small compared to 
rom radial variation. Neglecting this time dependence we can extremize 



Ad) 



the gradient energy 

the effective action ( |3.15[ ) with respect to ^'qq'', obtaining 

d 



GijV' 



a*V,„a^ 



d 



'_Tl{d) 



U 



M. 



d-2 



(3.25) 



The left hand side is a positive definite quadratic combination of R'{w)/R and L'{w)/L. In 
general, R'{w) ^ sources radial dependence in L through the kinetic mixing. We can solve 



for L'{w)/L in terms of R!{w)/R. Then using the expression (3.16) for the potential energy 



the right hand side of Eq. (3.25) has the structure discussed in (2.5) (after a conformal 



rescaling that relates 10- and (i-dimensional Einstein frames). Namely, lA has both positive 



and negative contributions so that the right hand side in (3.25) admits nontrivial roots for 



R. R{w) grows until it reaches this value, and then decreases again. As discussed in ^ the 
effective description reveals that the background space is compact. 

Next, placing the color branes and antibranes at the tips -R = gives a nonzero c{a). 
There exists a solution with positive energy for 

(rf + 2)2 



4ac 



8d 



evaluated at the minimum of the other moduli a^ . The strategy is to first minimize 
at a small value, with the potential and minimum then becoming 



d ^2 



U = M^V 



2a 



{d-2)/2 



Aa 



57]' 



d-2 



Ad-2)/2 
'10 



2ao 
bo 



(3.26) 



(3.27) 



(3.28) 
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The positive cosmological constant gives a dS radius 

Rls^^- (3.29) 

Small values of 5 and/or a then lead to solutions with small internal dimensions relative to 
the de Sitter radius. This was studied for AdS compactifications in [3], and will arise in a 
different way in the examples in the present work. 

3.3 Effects from localized sources 

Let us now discuss the ten dimensional consistency of the solutions. Using the dimensionally 
reduced theory, approximating the sources as smeared, we have explained how the ingredients 
described above can combine to give a solution of the form dSd x Bn x j'lo-"-'^. Now we 
shall analyze the model from a lOd perspective. We would like to understand under what 



circumstances there exists a lOd solution to Eq. (3.8) that, after averaging over the internal 
space, gives results approximately consistent with the ones derived from (3.16). 

The equations of motion must be solved pointwise in ten dimensions. Some of the in- 
gredients such as 0-planes are localized in the internal dimensions; i.e. their charge and 
stress-energy are delta-function supported in some directions. According to the effective 



theory (3.16), these 0-planes play off against fluxes and net negative internal curvature to 
stabilize the moduli. However, the fluxes and internal negative curvature are not delta- 
function localized at the positions of the 0-planes, and so these effects alone cannot play off 
of each other pointwise to give lOd solutions. 

The missing contributions come from p- forms and warping [291 EQ] , which must be con- 
sistently included in the effective potential. As we will shortly review, these effects are small 
when the sources are dilute enough or have little enough tension that the gravitational and 
RR potentials they source are small in the bulk of the internal geometry. In our construction 
in the next section, this will hold for D-branes and orientifold planes; the elliptic flbration 
itself does not correspond to well-localized sources, but contributes to the curvature-induced 
potential energy in a manner we can compute using a sigma model. 

Let us discuss explicitly the gravitational backreaction. Gravitational and p-form effects 
are of the same order of magnitude for BPS objects, so the two analyses are parallel. As 
argued in e.g. [23 ED], the contribution that accounts for the localized stress-energy of the 
sources is a warp factor e"^ multiplying the {A)dSd metric which varies over the internal di- 
mensions (as well as conformal factors in the internal metric, depending on one's conventions 
for the flducial internal metric). We will look for solutions with A ^ 1 away from the cores 
of the localized sources. 

The equation of motion for the warp factor is of the form 

V^A - {VAf = -7^(l°-^) + gl |F|2 + glT''"' - g^U (3.30) 
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where we have replaced various powers of e"^ by 1, anticipating a solution with A <t^ 1. Here 
7^(io-(i) jg curvature, F is flux and U is the rf-dimensional effective potential, a constant 
independent of the internal coordinates. This equation has the property that for delocalized 
sources the right hand side would vanish and no nontrivial warp factor would be generated. 

The corrections to the effective potential U are of order {'VA)'^/g'^. If A ^ 1, and hence 
V'^A ^ (VA)"^, this means that the corrections are negligible. That is, the V'^A term 
dominates over the (VA)^ term in the equation of motion, providing a mechanism to solve 
the lOd equations in the presence of the unsmeared, localized sources; while at the same time 
the correction to the effective potential is of order (VA)"^, a subdominant effect. Here we 
are assuming that no special tuning or cancellations occur among the terms in the effective 
potential. 

As mentioned above, a similar criterion applies to the p-form potential fields. The cor- 
rections to the effective potential are of order |VCpp (as can be read directly from the 



ten-dimensional action (3.8)), while the equations of motion require nonzero V^Cp. 



4 dSs worked example 

Our dS^ construction builds up from the venerable D1-D5 system [3] corresponding to an 
AdS^ X S^/Tjk X T"^ near-horizon geometry (with the Z^. acting freely on the S^). The freedom 
to take the orbifold order k large will be used to stabilize the internal curvature at a small 
value. Before analyzing the dS^ construction in detail, we should point out that in our model 
the internal curvature and string coupling, though consistently small, cannot be taken to be 
parametrically small. Indeed, specific details of the internal geometry will be found to limit 
the order of k and the amount of flux that can be turned on in order to get a dS solution. 
Ongoing constructions in higher dimensions [18] suggest that this is not a general property 
of our approach. 

To summarize the construction: we will first consider a nontrivial fibration - allowing 
the T"^ to vary its shape or size over the S^/Zk - as in [5l [191 120] . 

; 

S'/Zk (4.31) 

This, together with a set of NS5-branes, will contribute positive curvature energy and help 
to 'uplift' the negative potential energy of the S^/Zk- We will then include orientifolds which 
produce an intermediate negative term in the potential. Fluxes corresponding to the color 
Dl- and D5-branes contribute a third set of positive terms. 

We begin by discussing these ingredients in detail in [AA_ In §4.2| we obtain the 3d 



effective potential and find a dS^ solution with the radii and string coupling self-consistently 
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stabilized. Other modes are included in §4.3|and §4.4[ and the construction is analyzed from 



the lOd viewpoint in ^4^, In ^4^ we estimate the de Sitter entropy, and we end in §4.7| by 
commenting on other three-dimensional alternative examples. 



4.1 Brane construction 

Our construction requires ingredients which are collected in the following table: 
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X 






X 
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Dl 
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X 
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DT, 


DT 
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X 
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X 


X 


X 


X 






X 



(4.32) 



We will shortly explain each of these ingredients. First let us describe the underlying geom- 
etry. The T^ lies along the 6789 directions. The 2345 directions correspond to the radial 
and S^/Zfc directions. As discussed above, the radial direction is compact due to the ef- 
fects of flavor branes and curvature. The color Dl and D5 branes (and the corresponding 
antibranes) are then placed at the tips where S'^/Zfc vanishes. From the expression for the 
potential energy below, in the present construction these are conical singularities. 

Let us denote ^i = a;2 -l- ix^, (p2 = x^ + ix^. We can realize the S^ as a Hopf fibration: 
|0iP + |02p = R^, with the fiber circle along the 7 = arg(0i) + arg(02) direction. The 
base CP^ of the Hopf fibration is given by gauging this direction. The Z^ orbifold acts as 
(01,02) — ^ e^''*/'^(0i, 02), i.e. by a shift on 7. The scalar fields we must stabilize include the 
string coupling gs, the sizes Ry/a', Rf\/a' of the base and fiber of the S^/Zk, and the size 
Ly/a' of the T^ factors in the geometry. We will address these first. In general, we must 
consider all deformations of the lOd fields which are sourced by our ingredients to check if 
any are unstable. We will find that axions and anisotropic metric modes are either projected 
out or are stabilized by the dynamics of our model. 

The ingredients are as follows: 

• (1) a variation of the Kahler moduli p = bx + iL"^ of each T^ over the base CP^. Here 
Bt ~ Bq-jL"^ = BggL^ comes from the 67 and 89 components of the NS-NS two-form potential. 
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This introduces complex co dimension-two branes, i.e. "stringy cosmic fivebranes" (SC5- 
branes), as was described in [20]; p degenerates at points on the CP^ corresponding to 
the positions of these branes. In general, both the complex structure moduli r and the 
complexified Kahler moduli p of the T^ fibers could become singular, corresponding to two 
types of stringy cosmic fivebranes, which we shall call r5- and p5-branes respectively. In the 
present construction, for simplicity we will use only p5-branes. 

The set of p5-branes makes two important contributions to the potential energy. First, 
recall that a varying complex structure r over the base CP^ subtracts from the scalar cur- 
vature. Since T-duality interchanges r-fibrations with p-fibrations, the same holds for the 
p5-branes. A slightly more subtle effect is the following. Appropriate sets of (p,q) p5-branes 
set boundary conditions for p = 6^ + iL'^ at their cores, fixing the size L of (and the axion 
6t on) the corresponding T^ fiber to be some value L^, (and 6*), usually of string scale. As 
we introduce other ingredients into our construction, they can cause the (averaged) size L 
of the T^ fibers to increase, and the variation of L (and hx) results in extra gradient energy 
of order 

d y^-JTjT ~ OD2/.,/N../2 ;. log 71 + 71 (4-33) 



deriving from the curvature of the fibration. We write fip here to denote the number of stacks 
of coincident p5-branes which introduce a boundary condition. This is distinct from the total 
number of p5-branes. We will use the contribution from the gradient energy sourced by the 
p5-branes to help stabilize L. 

To be specific, we will use the following p5-brane configuration. Let us describe it in 
terms of its T-dual, in order to provide a geometrical description in terms of a gauged linear 
sigma model (GLSM) [31]. For reasons which will become clear shortly, we will find it useful 
to consider branes which locally pin the elliptic fibers at an order one value in string units, 
using as few branes as possible to accomplish this. We take a (2,2)-supersymmetric GLSM 
with charges 

$1 $2 Xi Y^ Zi Pi X2 Y2 Z2 P2 

(4.34) 
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; symmetry. The D-terms take the form 
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(4.35) 



Here the Fayet-Iliopoulos parameters correspond to size moduli ^ ^ R^ and 
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We take a gauge-invariant superpotential of the form 

2 



fd'eY,Pj {Y^'-Xf-Z^g,{<l)^,<l),)-X,Zff^{<j,„<l),)} (4.36) 



with gi = (t>i, 02 = 4>2 of degree 1 and /,■ = in order to respect the gauge invariances (4.34) 



This gives the T^ fibrations as the vanishing loci of Weierstrass polynomials of the form 

y^j - ^] - ^'9j{<P) - x,z^f,{<P) = , for J = 1, 2 . 

Each T^ degenerates over a codimension 2 surface, 0i = or 02 = respectively. These 
each correspond to singularities with fixed p — > e*'^/^. Since / = everywhere, the fibration 
has constant 

p = p. = 3-\0) = e'^/^ 

everywhere, not just at these special points where the p5-branes sit. In our complete con- 
struction, other ingredients will source p, and deviations from the constant value p* will cost 



gradient energy (4.33). 



So far, the two T^s vary over a base CP^ with homogeneous coordinates 0i and 02- In 
this model as it stands, there is a (spacetime supersymmetric) Zg orbifold singularity at 



Zi = Z2 = descending from the third U{1) gauge symmetry in the table (4.34). 



In our model of interest (4.31), the base is not in fact CP ; it is instead a Z^ orbifold 
of a Hopf fibration over this CP^, a Lens space. In the GLSM, the third f/(l) gauge trans- 
formation parameterizes the Hopf fiber. For our purposes, we need the model obtained by 
reducing this continuous gauge identification to a Zjt identification. 

As in |5^j we can obtain the elliptic fibration over S^ (including the Hopf fiber) as the base 
of a cone. We introduce the radial direction of this cone along with the Hopf fiber by adding 
another chiral field $0 to the GLSM, assigning $0 charge -10 under the third U{1). (We 
insist here that the sum of charges cancel, producing a non-compact Calabi-Yau fourfold, in 
order to preserve SUSY among the p5-branes.) In order to incorporate the Z^ orbifold we 
also mod out by 

(01, 02, zi, Z2) -)■ (aVi, a^02, a'^zi, a~^Z2) 

where a = e^'^'^l^ (with the other fields invariant). 

From the vanishing of the discriminant A = TJg^ + 4/^, this model introduces rzp = 4 
p5-branes, significantly fewer than the 24 which would fully cancel the curvature of the CP^. 
This agrees with the fact that beta function for the Fayet-Iliopoulos (FI) parameter W' ^ ^ 
describing the size of the base is (12 — 2) /1 2 = 20/24 times what it would be in the absence 
of the nontrivial fibration. (This beta function is proportional to the curvature; in the GLSM 
it is proportional to the sum of the charges of the fields under the f/(l) gauge symmetry 
corresponding to this FI parameter.) In this model, the number of defects itself is 2; i.e. 



rip = 2 in (4.33). We will use these numbers for definiteness in our analysis. 
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Since we do not require the fibration to nearly cancel the curvature, the singularities an- 
alyzed in [5j do not arise. A priori we do not require a hierarchy between the dS and internal 
curvatures in order to study conceptual questions about de Sitter holography; however, we 
will obtain such a hierarchy in our explicit construction below for somewhat different reasons 
from those in |5j. 

The additional ingredients are as follows: 



• (2) Nd5 units of RR F3 flux on the S'^Zk, and A^^i units of RR F7 flux on y^ ( |4.31[ ). 

• (3) An orientifold five-plane wrapped on an unorbifolded S^ in S^/Tj^ times one T^. 
The 05-plane acts as an orientation reversal combined with a reflection on the other T^ and 
on two of the directions of the S^/Zk. We include a second 05-plane on an orthogonal S^ 
and the other T^. Note that the orbifold enhances the effect of the orientifold planes relative 
to the p5-branes and other sources which wrap the fiber circle. In general in de Sitter model 
building, one needs a negative intermediate term in the potential which competes with the 
leading term. This requires the ratio of their coefficients to be large; in our case this ratio is 
given effectively by k. 

In terms of the elliptic fibration given above, the orientifold projection acts as 0i — )■ =F0i; 
02 -^ =1=025 ^ud Xj, i/j, Zj, and Pj are also projected to their conjugates. 

It is interesting to study this effect - that orientifolds counteract positive energy sources 
- in a ten dimensional description. The 05 metric, at distances large compared to the string 
scale, looks like 

ds^ = (1 - (a'(7,/r2))-i/2(-t/t2 + ^^2^ ^^i_ [a'gJr^)Y'^dxl (4.37) 

The 0-planes contract the space around them, more strongly so near the object. Now 
consider starting from a metric with a deficit angle induced by a stringy cosmic brane, and 
orientifold it. The contraction induced by the 05 will have a more pronounced effect near 
its core than farther away, since the effect dies off at large r away from the 05. This reduces 
the deficit angle. 

• (4) An NS5-brane wrapped on an unorbifolded S^ in S'^/Z^ and stretched along a 
one-cycle of each T^. Include another one wrapped on orthogonal directions. For future con- 
venience, we will take these branes to wrap along the orientifold loci in the base CP^, which 
has the effect of reducing the NS5-brane tensions and of projecting out their slippage modes. 
An important issue which we will address below is the backreaction of these NS5-branes. In 
our ultimate construction below we will ensure that their core sizes are significantly smaller 
than the base radius. 

• (5) Dp-branes and anti-Dp-branes: to begin with, we will consider a D7-brane wrapped 
on S^/Zjt and stretched along a one-cycle of each T^, and an anti D7-brane wrapped on 
the same cycle but in a different discrete Wilson line vacuum. Include also another such 
pair wrapping the other cycle of each T^. We put each anti-brane in a nontrivial discrete 
Wilson line vacuum in order to prevent perturbative brane-antibrane annihilation, as we will 
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explain in §4.3[ In order to decrease the curvature of the base -B„, we will find that a simple 



variant with D5-branes replacing the D7-branes is advantageous. We will discuss this below 



in section ^4/7 after working through the D7-brane version of the model. 

These ingredients all together break supersymmetry. However, pairwise many preserve 
supersymmetry and hence do not attract or repel to leading order. As in the standard AdS^ 
model, the D1-D5 color branes are replaced by fluxes in the solution. In particular, all 
the other ingredients are pairwise mutually supersymmetric except the D7-D7 pair, whose 
stability we will explain in detail below. 



4.2 Stabilization mechanism 

To begin with, we will write down a naive 3d effective potential obtained by averaging each 
source over the compact directions. This procedure ignores warping which develops as a 
result of the varying degree of localization of the sources in the internal dimensions pUl ISO] . 
We will show this to be a self-consistent approximation by analyzing the form of the equations 
determining the warp factor, finding that the warping necessary to solve the lOd equations of 
motion contributes a subdominant term to the 3d potential energy (as discussed in general 



terms in [:3.3). In essence, we find that the stabilized values of the coupling and inverse radii 



are small enough to justify our expressions for the stress energy contributed by the various 
ingredients we have listed. 

We denote the radii of the base and fiber of the S'^/Z^ in string units by R and Rf, so that 
the volume of S'^/Z^ is 2'K^R^Rf. Below we find Rj ~ R/k. Note that the curvature radius 
of 5'^/Za; is R. The radii of the T'^ are denoted by Lg, -L7, L^, and Lg with LgLyLgLg = L^. 
We also need to consider the field 6t ~ L'^Bp, 



^67 



Tj 



9s 



/S 



L Sgg sourced by the p5-branes. Define 
kRf 



(4.38) 



i?2L2 ' '" R 

We find it more convenient to work with the combination fj instead of the variable rj = kff / (5 



defined in (3.19). Transforming to 'Zd Einstein frame as in (3.16), we obtain 



U 



AQMlk^ 



- 27ri?2 



47r2- 



3/32 



2k 



24 



^5 



Ur 



An' 




Ur 



NLL' + 



+ 



{h 



L4 




+ 2h'N, 



(4.39) 



Here M3 is the reduced Planck mass. The first term is the metric fiux contribution from 
the Hopf fibration over CP^, and the second term (i.e. the square bracket) represents the 



net curvature introduced by the elliptic fibration (2.4), with the presence of p5-branes. The 



boundary values L^ and h^ are determined from the GLSM as 



p* 



b, + iLl = e'^'^ 



The third contribution to 1]'^ comes from the tension of NS5-branes. 

The fj^ term receives a negative contribution from the 05-planes, plus a positive term 
from the D7- and anti D7-branes. For the RR flux contributions we have three terms, the 
first coming from I-F3P, the second from \Fi + ^i?2 A B2 A F-^l"^ (which can be understood 
by T-dualizing the type IIA coupling IF4 + ^i?2 A -B2 A FqP three times), and the final term 
from |i?2 A F3P (since we do not have F5 in our construction) H 

We have included numerical factors such as 2-7?, according to 

^ (27r)p^,«'(p+i)/2 ' 10 V ; 
and the quantization of the p-form fiuxes 

(27rVa')p-i Jy. 



FpEZ. 



In this expression for the potential, and elsewhere, we have set a' = 1 for simplicity. The 
various sets of fiavor branes including the elliptic fibration, and the orientifolds, are super- 
symmetric in themselves and also pairwise supersymmetric with each other. As a result, 
their contributions to the potential are well approximated by their underlying BPS tension 
formulae. Not all factors are known precisely, however; for example the term proportional to 



log(L^) is an approximation of the gradient term (4.33) by V^ — ;■ 3^ which we believe to be 
a reasonable estimate up to factors close to one (based on computations with trial sinusoidal 
wavefunctions) . 

We have included the effect of the orientifolds as well as the Z^ projection in reducing the 
volume, but we do not know the precise internal geometry taking into account the effects of 
all the ingredients. In our best controlled examples below, we will find that starting from the 
above expression for the potential energy, the curvature in string units, TZa', comes out to 
be of order 10~^ (with other examples giving TZa' ~ 10~^ or 10~^ depending on the details 
of the Dp-branes used in the construction). For this reason, although we will not obtain 
parametrically large radii, we expect corrections to be reasonably small. Because we will 
tune the de Sitter cosmological constant to be somewhat smaller than the internal curvature 
scale, 0{a') corrections can affect the depth of the de Sitter minimum. However, since the 
individual terms in the potential are much larger than this, these effects should only shift 
the stabilized values of the moduli by a small amount. 



^We should point out that although naively the zero modes from Sgr and Bg,Q would be projected out 
by the orientifolds, a nonzero expectation value 6* 7^ is allowed because p* = e*'^/'^, e^^*/'^ are related by a 



modular transformation. As explained around (4.33), the fluctuation bx ^ L Bq-j = L Bgg away from b^ has 
nontrivial dependence along the internal directions, so it does not correspond to a zero mode. Physically, 
this variation is sourced by a competition between p5 branes and RR fluxes. With these caveats, we will 
sometimes refer to bx as an "axion" ; however, it should not be confused with the B2 zero modes analyzed 



below in i 4.4 
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At this point it may be useful to emphasize an important distinction between curvature 
radii and size moduh. The curvature of our internal dimensions goes like 1/-R^, but does not 
get large when the radii Rf and L of the Hopf and elliptic fibrations become small. These 
can (and will) be closer to the string scale than R without driving up the curvature and 
resulting a' corrections. 



The potential (4.39) has the form 

U ~ Mliafi^ - hf + cfj^) (4.40) 

to stabilize the moduli. We first minimize 



which allows us to use the 'abc' technique in 

Aac/b"^ as a function of all other moduli besides fj -see discussion around (3.26). If we can 



use discrete quantum numbers to tune the minimal value of Aac/b"^ to be close to but slightly 
greater than 1, the potential (4.40) will have a de Sitter minimum with fj stabilized near 

2a b 
b ^ 2c' 



V 



(4.41) 



The only R dependence of the potential comes from the coefficient b, so we can easily 

minimize it with respect to R at 

r, 27rfc 
R = . (4.42) 



nz37/3 
After that the middle term is reduced to —27r'^kfj^/{nD7P'^) and Aac/b"^ becomes 
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(4.43) 



Let us focus next on the stabilization of /3. This follows from the factor in curly brackets, 

(4.44) 

^2X2 



which has a three-term structure analogous to (4.40): 

{...} = hf3-bp^ + P* 
where 



kriNSb 
AnL^ 



, b 



24 - Un 



n. 




{br - b^ 
L4 



(4.45) 



In this case, if we can minimize a'^/b^ with respect to L and bx at 

F ~ 27 ^ "' 

with a small positive e (analogously to 1 < Aac/b"^), then we can minimize {. . . } with respect 
to /9 at a positive small value of {. . . }, 



(4.46) 



{...} 



A^' 



(3 




9 



(4.47) 
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This will in turn help us to tune Aac/b"^ to be slightly larger than 1 and will give a paramet- 
rically small string coupling. 

Minimizing a'^/b^ with respect to the axion 6^ gives bT = b^,. The RR flux contributions 
to the potential want to push br to but as long as e is small they are subdominant and 
only cause a small deviation away from 6^ ~ 6*. Therefore b is reduced to |[24 — Up — 
np(log(L^/L^))^]. Minimizing d'^/b^ respect to L^ requires 

24 - Up - njlog — j = 3np log -^ (4.48) 

which we would like to satisfy with a large (though limited) L. This relation determines L, 



and then Eq. (4.46) fixes knNS5 



kn^s, = y /3n, ("log ^) L' + 0(e) . (4.49) 

Therefore, the order of the orbifold is limited by L. 

An explicit example of an appropriate p fibration was given above, with Up = 4 and 
Up = 2. With these numbers, we find L = 2.5 and kn^s^ = 88; this gives e = 0.0016. 

Before going on, let us note that in order to minimize Aac/b"^ with respect to L (and 



requiring (4.49)), it is enough to take 



§^ + e (4.50) 

This is also the scaling of the D1-D5 AdS solution. However, this is not strictly necessary, be- 
cause deviations from this equality produce a tadpole from the flux factor that is suppressed 
by e as compared to the mass squared responsible for the first equality. Such a contribution 



then causes only a small deviation from the solution (4.48). For simplicity, though, in the 
formulas below we specialize to the scaling L^ ~ Ndi/Nd5- 
Altogether we obtain (dropping numerical factors) 

^ ~ ^ [24 - n, - np,{\og{LyLl)YYeNn,Nn, ~ 1. (4.51) 

Setting nNS5 ~ ^m ~ 1, Eq. (4.46| implies that, parametrically, k r^ L'^ ^ ^/Ndi/N^^, and 



(4.51) reduces to A^'j^s ~ l/\/e, which gives large N^r, and even larger N^i- With them it 
should be possible to tune Aac/b'^ to be close to but slightly greater than 1. After minimizing 
Aac/b'^ we find a de Sitter minimum at ?) ~ 2a/b ~ e/k"^. The moduli and dS radius scale as 
follows with the parameters: 



^ ^2 .. r2 . > . . H^Dl 



1 




d2 ^^ 


5 


9s ~e. 


fc 




e 



i?y~-, R'^L'^k^^^, Nd^^\1-, ^. ~e, Ks--— (4.52) 

21 



Note that we have obtained large radius and weak string couphng, thanks to the small e. 



From eq. (3.29), tuning a oc e to be small also produces a hierarchy Rds ^ R- So our model 



features parametrically small internal dimensions (compared to the dS scale), giving a gap 
between 3d moduli and internal KK excitations. 



Importantly, the size of L is limited by (4.48). The fact that this relation is logarithmic 



helps drive up the value of L, but it is limited by the size of the other terms; as mentioned 
above we take the minimal values we can obtain for np and fip. 

4-2.1 Numerical example 

We can check this numerically for the potential estimated above, and the results are sum- 
marized in the following tables: 



Input data 



Up 


4 


hp 


2 


p* 


exp(z7r/3) 


nNS5 


2 


nm 


4 


k 


44 


Ndi 


156 


Non 


5 



Stabilized moduli 



R 


9.2 


kRf 


7.5 


L 


2.5 


hx 


0.48 


9s 


0.02 



(4.53) 



e 0.002 
4ac/62 1.003 



Here riNSb = 2 and ud-j = 4 are the fewest number of branes required for the setup to have 
the necessary symmetries in the T^ directions. As can be seen from the above tables, our 
initial data fix the moduli in a de Sitter minimum. The axion is stabilized at bx = 0.48 very 
close to 6=K = 0.5. 

Comparing these numbers to the parametrics above, we see that numerical prefactors 
break the parametric degeneracy between L and R; also, N^b is somewhat smaller than 
expected, but nevertheless gs <^ I- The relation L^ = ^JNdi/Nd^ has not been enforced 
exactly, but this is a small effect since the contribution of the corresponding tadpole will be 
suppressed by C(e). The primary use of the flux quantum numbers Njji and N^^ was not 
to fix L, as might be supposed from the form of the effective potential, but to keep Aac/b"^ 
within the allowed range. Interestingly, it is even possible to stabilize all moduli without 
color fivebranes as long as e ^ 1. In particular we find a dS minimum with Ndi = 262, 
Nd5 = 0, and all other parameters approximately as above. We will comment further on 
this possibility when we discuss the scaling of the entropy. 

It is worth commenting on the size of e, since taking e ^ 1 is responsible for achieving 
a weak string coupling and also boosts the number of degrees of freedom. In particular, in 
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three-term stabilization mechanisms (as opposed to the two-term Freund-Rubin mechanism), 
there is a priori extra freedom to tune the (A)dS radius large. Our ability to tune e small 
is limited by the size of the large quantum numbers in the problem. We can express this in 



terms of A; ~ L^ (which is limited by (4.48)). For example, if we shift fc — )■ fc + 1, we shift 
(4.46) and hence e by ~ kNu^/Noi ~ 1/k. Shifting Nd by one would seem to shift e by 
an amount of order l/Noi, however, this effect is suppressed by e and the effect of changing 
Ndi is negligible when e is small. 

The mass matrix is positive definite for the input data and the stabilized values found 
above, and yields masses of order 1/R and y/e/R. This follows from the fact that the 

canonically normalized fields are a^ = Mg' logi?, (Tl = M3 logL, $ = M3 \og gs and 

1/2 
af = M3 log Rf. Differentiating U twice with respect to each a yields contributions of the 

order of a typical term in U/M3 which sources it; this is of order l/R"^ for the moduli o"/ 

and ai, and of order e/R for a^ and $. To the extent that we tune the de Sitter minima to 

be smaller than the height of the moduli barriers, these masses are larger than the de Sitter 

Hubble scale, and for e <^ 1, the masses of a^, af are parametrically larger. For the numbers 

given above, the smallest of the masses is about one order of magnitude above the Hubble 

scale. 



4-2.2 Higher order corrections 

Finally, let us consider a' and quantum corrections. Quantum effects are controlled by 
g'^ ~ e, and are further suppressed by the KK scale 1/R^ (they have to vanish in the limit 
in which supersymmetry is restored). These can therefore be safely ignored. 

On the other hand, a slightly conservative estimate for the size of the 0{a') corrections 
to the GLSM is given by the curvature 

o 

a'n r^ -^ ^ O.l (4.54) 

in the example above. The factor of 8 comes from relating the CP^ and S^ radii. This is on 
the edge of control, since we do not understand all 0{1) factors arising from the backreacted 
geometry and from the gradient energy terms. Such corrections will not affect the moduli 
stabilization barriers, which are not suppressed by e, but can alter the stabilized value of the 
Hubble scale. 

Strictly speaking, when studying the numerics for the case of small e we must start with 
the corrected effective potential to leading order in 0{a') and then tune k to find e small and 
positive, of order > 1/k. We stress once again that the numerics quoted in our example are 
meant to illustrate the stabilization procedure but are not to be taken as exact. However, 
metastable de Sitter solutions from our effective potential are quite generic, and we expect 
the exact solution to be not qualitatively different. Moreover, at the end of the section we 
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present a simple way of pushing the curvature to significantly smaller values, by replacing 
the flavor D7-branes by flavor D5-branes. 

4.3 D7-D7 stability analysis 

Let us now elaborate on the stability of the D7- and anti D7-brane pairs, ingredient (5) above. 
These wrap a T^ fiber and the full S'^/Z^. The latter introduces fractional Wilson line vacua. 
There are k distinct Wilson line vacua (i.e. non-gauge-equivalent flat connections) 

''Jnber^\ =1 ^ / A = -—, n = 0, ...,fc-l. (4.55) 

^ J fiber k 

Explicit expressions for these vacua on a Lens space S^/Z^ were given in e.g. [32] • Let 
us put the D7-branes in their n = vacuum and the anti D7-branes in a vacuum with 
n ~ k/2. We must assess potential instabilities of this configuration from brane-antibrane 
strings (assessing whether there is a tachyon), and from gauge field modes. Because the fiber 
circle is small, for some purposes it is useful to analyze this in a T-dual description. 

One can see by periodicity of the gauge field or by T-duality that the size of the circle 
seen by the Wilson lines is of order 

R^ r^ r^ r^^/k (4.56) 

Rf R 



where in the last two relations we used our stabilization mechanism (4.52). This circle being 
much larger than string scale, the brane and antibrane are separated by a parametrically 
large distance even if they sit at the same position on the transverse T^. 

Next let us analyze the Wilson lines for potential instabilities. Because the Wilson line 
vacua are discrete, there is a positive contribution to the mass squared in varying away from 
the corresponding fiat connection. This scales like the square of the field strength. Since 
F ~ 6A/R {R being the size of the space transverse to the fiber circle), this mass squared 
goes like l/i?^. 

There is also a negative contribution to the mass squared from the attraction of the brane 
and antibrane. This can perhaps be seen and estimated most easily in a T-dual description. 



with an inverted circle radius (4.56) and a T-dual string coupling gs ~ Qs/Rf ~ Qsk/R. 
The (anti) D7-branes are turned into (anti) D6-branes, wrapping the base CP^ times the T^ 
and sitting in diametrically opposite positions on the dual circle. The attractive potential 



between each brane/antibrane pair is (using the scaling Rj ~ yk ~ R) 

^ ■* ' ^ * ' ni,n2,n3=— cxD ' ' 

The first factor here is the usual Einstein frame conversion factor, the g1 is the lOd Newton's 
constant in the T-dual frame, the l/gl is the product of tensions, the R^L^ is the volume 
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over which the D6-branes are wrapped, and the last factor is the codimension 3 potentiaL 
The sum over n = (ni, 7^2,^3) represents the compactification; we can work on the covering 
space with a periodic array of locahzed sources, and then later project by translations in 
order to compactify. 

This potential gives a negative mass squared to the attraction mode between the brane 
and antibrane pair. Expanding around x ~ -R/2, we get 

^r,--Mi(-4-X'^(.-^)\ (4.58) 



R'^RfL^J R\ 2, 

Switching to a canonically normalized kinetic term Ckin ~ R^L'^x^ /Qs ~ (f^i we get the 
negative contribution to the mass squared from the attraction of the brane and antibrane 
pair: 



Sm' ^ _M| —^ = "^ ^. (4.59) 

Although this is parametrically of the same order of magnitude as the Hubble scale (re- 
member that the Hubble scale is tuned), it is parametrically smaller than the positive mass 
squared arising in deformation away from a flat connection. This mode is therefore pertur- 
batively stable. 

4.4 Stabilizing other moduli 

So far we have addressed R, Rf, L, b^, 9s and the D7-D7 stability. In this section we will 
address the other possibly light directions in scalar field space. In order to holographically 
formulate inflationary spacetimes, we must require that all modes be lifted, or if tachyonic 
that the tachyonic mass be much smaller than the de Sitter Hubble scale. 

4-4- i Axions 

First, there are potentially light scalars arising as axions from the RR forms and from the 
B-field. The zero modes surviving the orientifold projection are 

C2 = ci dx^ A dx'^ + C2 dx^ A dx^ (4.60) 

B2 = hi dx'^ A dx^ + 62 dx^ A dx^ + 63 dx^ A dx^ + 64 dx"^ A dx^ . 

The zero modes from Cq, Bq-j and Bgg are projected out by the orientifold action. (Recall 
that the field br ~ L^Bqj = L'^Bgg analyzed before varies along the internal dimensions, so 



it does not correspond to a zero mode; see discussion around Eq. (4.33)). Finally, the scalars 
from C4 threading nontrivial cycles are projected out by the orientifold action. 

We have analyzed the dependence of the potential energy of these modes coming from 
fluxes and from the wrapped D-branes, finding a positive mass matrix for our parameters. 
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This follows more simply by noting first that the underlying D1-D5 AdS/CFT system has 
no tachyons (even allowed tachyons) from axions. The additional ingredients which uplift 
the system to de Sitter do not render their mass matrix tachyonic. The orientifolds as just 
noted project out some modes. The Dp-branes contribute positive masses to Neveu-Schwarz 
axions along their worldvolumes; similarly, NS5-branes would contribute positively to the 
mass squareds for RR axions, though in any case those along the NS5-brane worldvolumes 
are projected out by the 0-planes. The stabilization of L works slightly differently in the de 
Sitter case as compared to AdS. This affects the mass matrix for the h axions, but in a way 
that yields a positive mass squared solution for appropriate values of N^h/Nd^, including 
those of our numerical examples. 

The p fibration contributes a subtle effect lifting C2, as follows. S-dualizing the I-F7P 
term described above and integrating by parts gives a term proportional to I-B2 A C2 A -Fapjj 
The combined effect of F3 flux through the base S'^/Z^ and B2 = b^{dx^ A dx'^ + dx^ A dx^) 



produced by the p5 branes gives positive mass terms to both Ci and C2 in (4.60). 



4-4-2 Moduli of the elliptic fibration and NS5-branes 

The moduli of the elliptic fibration are flat to leading order since they come from superpoten- 
tial terms in a (2,2) sigma model. In the explicit model given above with linear polynomials 
g^^\(l)), there is only one such deformation. 

The NS5-branes wrap contractible cycles in the base CP^ and could possess slippage 
modes if they were not wrapped on the orientifold loci in these directions. In this case 
the NS5-branes are frozen in place by the orientifold action. It can be checked that the full 
solitonic field configuration corresponding to the NS5-brane is compatible with the orientifold 
action; the compatibility condition is equivalent to the condition that these ingredients be 
mutually supersymmetric. 

4.4-3 Anisotropic deformations 



The setup (4.32) is rather symmetric, and the potential is automatically extremized with 
respect to directions that break the symmetry. However, we must ensure that such directions 
are not too tachyonic. It is energetically favorable for orientifolds to wrap larger cycles. 
Because of this, the 05 and 05' contribute negatively to the mass squared for anisotropics of 
the tori. However, the p5-branes and NS5-branes contribute positively to the mass squared 



of these modes. The quantity 4ac/6^ (4.43) is deformed in the following way by these 

contributions 

4ac e62 + 7i02 



^See e.g. [33] ■ The expressions for F7 and iJy can be understood by using S- and T-duality and from the 
anomalous D-brane couphngs Swz = / e'^ A ^ Cp. 
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where 71 and 72 are positive quantities which do not scale down with e. The 72 term conies 
from the orientifold. The tachyonic mass squared that it imparts is suppressed by the power 
of e in the numerator. There is no such suppression of the positive mass squared from the 
p5s or NS5s. So the net effect is a positive mass squared for these anisotropic modesjj 

However, anisotropies of the base are more subtle. The 0-planes that we have prescribed 
can elongate without breaking any of the symmetry. To see this, we can coordinatize the S^ 
as follows. Set (pi = x^ + ix^ = pie*'*'^ 02 = 3^2 + ixt^ = p2e^^^. The round 5"^ metric is 

ds^ = |rf0i|2 + 1^02^ = dpi + pld-il + dpi + pld-fl (4.62) 

with Pi + P2 — ^^- Using this latter relation, we can set pi = RsinK,p2 = Rcosk with 
< K, < 7r/2. This gives metric 

ds"^ = dn^ + sin^ Kd'~^\ + cos^ /tc?72 (4.63) 

The 05 lies along 71 at k = 0, while the 05' lies along 72 at /« = 7r/2. It is possible to 
shrink the k direction without breaking any of the symmetry, elongating the 7 directions to 
maintain constant volume. Therefore, the 0-planes alone produce a tadpole in this direction. 

However, because of the tuning down of e above, the NS5-branes and p5-branes each 
contribute more to the forces in the problem. Indeed, while the 0-planes compete against 



the net term {. . . } oc e ^ 1 above (4.44), NS5-branes and p5-branes contribute larger, 
individual contributions to {...}• The NS5-branes push oppositely to the orientifold planes. 
The p5-branes stretch in the k direction, so the combined effects of the p5-branes and NS5- 
branes together stabilize this direction. 

4.5 Localization of sources and the warp factor 

After having found a consistent solution in the 3d effective theory, we should analyze the ten 
dimensional consistency of the construction. Following the discussion in §3.3 let us argue 



that the localization of the sources will not appreciably change the potential (4.39), though 
it requires taking into account a slowly varying warp factor. 



In the effective 3d theory (4.39) the localized sources (for instance 05 planes) play off 
against fluxes and net negative internal curvature to stabilize the moduli. Since these are 
not delta-function localized at the positions of the 05-planes, solving the lOd EOMs point- 
wise requires a warp factor e^ multiplying the {A)dS2, metric which varies over the internal 
dimensions [29l |30] : 

ds" = e^^^^y^slas, + e-^^^y^Qijdy'dy^ (4.64) 



^The mode L^g 7^ L|g is a special case: the only contribution is a positive mass term from D7-branes. 
The energy of the other ingredients (NS5s, pSs and orientifolds) is independent of this field. In the case 
where the D7-branes are replaced by flavor D5s wrapping S"^ /"Lk, this direction becomes flat at the classical 
level. 
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Recall from the discussion around (3.30) that if the equation for the warp factor can be 
solved (by having nonzero V'^A) with A ^ 1, then the corrections to the effective potential 
are negligible since they are of order (VA)^/k^. This provides a mechanism for solving the 
lOd equations in the presence of localized sources while keeping corrections to the potential 
subdominant. Therefore, let us check that in the present construction the condition A -C 1 
holds away from the cores of the localized sources (whose tensions already take the cores 
into account). 

First consider the 05-planes as a source for A. Note that the fiber circle being small, these 
effectively wrap a T-dual circle of size Rf ~ ^/Rf] there are three directions y± transverse 
to the 05s. Schematically we have 

V^A(yl) ~ —-^-9^ y^ S''^\y± -yo- nR) + other sources, (4.65) 

Qs Rf ^-^ 

the first factor here being the I/qs tension, the second the wrapped T-dual circle, and the 
(/f factor arising from Newton's constant k"^. Once again, we can work on the covering space 
with a periodic array of localized sources, and then later project by translations in order to 
compactify. Let us look at A at a point y± halfway in the middle of the localized 05 sources. 
This gives us 



JR L L\ 1 Y- 

\ / ■' r) n n 1 ' 



nR,n^,n2 \/ R^ {ur - ^) + L^ (^ - |) + L^ (^2 - ^) 

+ contributions from other sources. (4.66) 

In the covering space, the sum on n represents the contributions from localized sources 
farther and farther away from the point y±. As discussed above, if all sources were smeared, 
the gradient of A would cancel. So the full expression for A, including all localized and 
homogeneous sources, is essentially the difference between the sum on n and the integral 
over n. Since L and R are of the same order of magnitude, the overall contribution to the 
warp factor is A ~ 0{gs), and the localization of the source can be ignored. Similarly, the 
gravitational potential sourced by the D7-branes is suppressed by gs, leading to A <t^ 1 when 
combined with the full complement of sources. 

The p5-branes would produce A ~ 1 in a similar way if we treated them as putatively 
localized sources of stress-energy. Indeed, they do have long-range effects on the geometry; 



they correspond to a nontrivial fibration (2.4) described by a Weierstrass model. The cor 



rected target space is described by the infrared regime of the gauged linear sigma model 
(GLSM) presented above. Their contribution to the curvature and hence to the moduli po- 
tential is of the same form as it would be in the naive estimate based on the tension of an 
isolated brane. The most familiar example of this is the case of elliptically fibered Calabi- 
Yau manifolds, where the fibration exactly cancels the curvature of the base. This occurs 
for example in the case of 24 stringy cosmic fivebranes on a base CP . More generally, the 
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GLSM beta function ~ 24 for the running of the FI parameter ^ corresponding to the size 
R^ of the base is shifted by the elhptic fibration to ~ (24 — Up). 

We expect similar statements to hold for the NS5-branes (ingredient (4) above). By 
themselves, these NS5-branes could be described including backreaction in a half-flat ap- 
proximation by recognizing them a la [20] as a different set of p5-branes with monodromy 
p — )■ p -|- 1. These are holomorphic with respect to a different choice of complex coordinates 
on the M^ x T'^ of our brane construction, so it is not trivial to describe both sets of p5-branes 
using the same GLSM. However, the two sets are mutually supersymmetric and their BPS 
tensions combine additively. (They are U-duals of D-brane combinations with 4 Neumann- 
Dirichlet directions; such combinations have no binding energy.) For this reason we expect 
their contributions to be well described by the tensions we included in the moduli potential 



(4.39), at least in cases where their core size is sufficiently small. In the D7-brane model so 



far considered, this is marginal; the core size of the NS5 is not smaller than i?, as we will 



discuss below in ^4/7 However, the variants in ^4/7 involving D5-branes will push the pa- 
rameters to where the NS5-brane has a string-scale core, much smaller than R. It would be 
useful to develop techniques to simultaneously control multiple types of l/^f^-tension branes 
more explicitly. 

4.6 Entropy and brane construction 



Given the above scalings (4.52), the entropy scales parametrically like 



5~M3fl..~|^~'^ (4.67) 

This scaling of the entropy is the same as in the corresponding AdS model when e < 0. This 
makes sense, since the p5-brane flavors and the orientifold projections are only of order 1 in 
number, so that the scaling is as in the corresponding D1-D5 AdS orbifold quiver theory up 
to an enhancement by e~^/^. This factor can be understood as in section 3.5 of [3]: pull out a 
color brane from a tip of the cone, and count the number of ways of winding strings around 
the base of the cone up to an energy cutoff comparable to the energy of a string stretching 
radially to the tip. This gives an enhancement factor ~ (Rds/R)^ ~ e~^^'^. As a result, we 
can read off the parametric scaling of the Gibbons-Hawking entropy from the D1-D5 system. 

Many details come into the precise coefficient over which we have no control at present. 
As in [5J , our main handle on the holographic dual is through its brane construction. It would 



be interesting to develop tools to study this theory in more detail^'' With the brane con- 
struction in hand, however, one can immediately study further questions of interest such as 
the microscopic description of decays out of the metastable dS vacuum and their holographic 
description]^ 

^°Aii intriguing possibility is that as in [33], the holographic duals may only exist as cutoff theories. 

^^ Other macroscopic proposals for de Sitter holography which are based on different ways of slicing 
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As mentioned in §2, this model has a brane construction for which the radially evolving 



R, at fixed initial values of the other moduli, solves the equation (2.5) 



R'iwY const 

-^^-1 + — (4.68) 

for which the singularities at the tips i? — )■ are conical. The first term here comes from 
the D7-branes and anti D7-branes, and the second includes the 05-planes which are at 
codimension two on the base. 

It is also possible to stabilize the construction with Nj:,^ = 0, as mentioned ealier. In this 
case the parametric scaling is 

S - M,R,s - ^1^ ~ ^ (4.69) 

In this case the tuning of e plays the dominant role. It would be interesting to understand 
this case better as it does not appear to arise directly from a known AdS/CFT dual pair, as 
is the case for most models in the landscape. 

4.7 Alternative examples 

In this subsection we provide two alternative examples in which the radius of curvature R 
is pushed to larger values and we therefore have better control of a' corrections. 

First, we can replace the D7- and anti D7-branes with a single pair of D5- and anti 
D5-branes wrapping the 5*^/^^, and put them in different Wilson line vacua to prevent 
perturbative brane-antibrane annihilation: 



1 



L)5, L)5 X X 



2 3 4 5 



X X X X 



6 7 8 9 , , 
(4.70) 



The stabilization proceeds as before with the middle term —hrf in the effective potential 
replaced by 

Ml ^ -'^^ r ^ - -2kiy) w • ^'-^'^ 

This gives 

and the rest of the stabilization proceeds as before. Note that n^^ is the number of flavor 
D5- and anti D5-branes as specifled above, which should be distinguished from Nd5, the 
number of color D5-branes wrapping different directions in our brane construction. With 



the spacetime include [3 E] . It would be interesting to study whether our dS construction building from 
AdS/CFT might also provide a microscopic realization of these ideas. 
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n^s = 2, we find i? ~ 33 (as compared to i? ~ 9 in the model with flavor D7 branes); now 
a' corrections are of order S/i?^ = 7 x 10^^. 

We can push R to even larger values by wrapping the flavor D5-branes on an unorbifolded 
S^ in the S''^/Zfc, the flber S^ /Xk, and one of the T^ directions: 



(4.73) 



Here the parentheses indicate that the true D5-brane locus is a combination of these dimen- 
sions. Note that we do not need to include anti D5-branes here because the D5-branes are 
wrapping a contractible cycle in the S^/Z^, but in order to stabilize the anisotropic mode 
Lyg 7^ Lgg we need two D5-branes wrapping the 6 and 7 directions respectively. Again, the 
middle term of the effective potential is replaced by 

which stabilizes R = AkL/{3nD^P). With ud^ = 2, the value of R is further increased from 
33 to 91, with the a' corrections of order 8/i?^ = 1 x 10~^. 

Another advantage of these two alternative constructions is that the size of the NS5- 
brane core is much smaller than the radius R. A simple way of looking at this is to take 
the T-dual along the flber direction Rf-. the NS5-branes are turned into KK5-branes with 
a flber size Rf = 1/Rf = k/{PR). In our previous construction with D7-branes, this size 
is of the same order of magnitude as R, as we can see from the parametric scaling R^ ~ k. 
However, if we replace the D7-branes with D5-branes as in the flrst example above, we have 
R^ ~ kL"^ ~ k"^ and the flber size Rf ~ k/R ~ 1 is much smaller than R. In the second 
example above, we have R^ ~ fc^L^ ~ k^ and the flber size Rf ~ k/R ~ 1/vk is again much 
smaller than R. This is also conflrmed by the numerics: with the previous D7 construction 
we have Rf = k/{(5R) = 5.9 not much smaller than R = 9.2, with the flrst D5 construction 
we have Rf = 1.64 much smaller than R = 33, and with the second D5 construction we have 
Rf = 0.59 much smaller than i? = 91. 

The D7-D7 stability analysis can be repeated in the flrst D5 example, with analogous 
results: there is a negative mass squared of Hubble scale, but the deformations away from 
the flat connection give large positive contributions to the mass squared and keep the mode 
perturbatively stable. In the second example, the D5-branes are mutually supersymmetric 
but may possess slippage modes because they wrap contractible cycles on the base CP^; 
placing the branes at the orientifold loci (the effect on their tension is already included in 



(4.74)) projects these modes out and freezes the branes in place. 
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5 Discussion and Future Directions 

Similar methods apply to the construction of semi-holographic de Sitter models in other 
dimensions. Work on four dimensional examples of this kind is in progress [18]. A promising 
class of candidate models arises from type IIA string theory on an orientifold of an elliptic 
fibration over B^ (e.g. CP^ or CP^ x CP^) which over-compensates the curvature energy of 
S4, along with RR 2-form and 6-form flux as well as additional flavor branes. 

This work raises many interesting questions about the nature of the dual implied by the 
brane constructions. Let us make a few comments here. The compactness of the brane 
construction implies propagating d — 1-dimensional gravity. As we have discussed, the fact 
that this is coupled to a matter sector with large entropy makes for a useful albeit semi- 
holographic duality; d — 1-dimensional gravity is weakly interacting over a large range of 
scales because of the enhancement of the d — 1-dimensional Planck mass induced by the 
large number of species. (In the d = 3 case studied explicitly in this paper, the d — 1 dual 
is Liouville gravity coupled to a large-c matter sector, as anticipated macroscopically in [6] 
and proposed for somewhat different reasons in [S].) By the same token many other modes 
are dynamical. In particular flavor groups are dynamical in d — 1 dimensions, i.e. the flavor 
symmetry is weakly gauged; the flavor groups have a large number ~ Nc of matter fields 
charged under them which screen their interactions. This is analogous to the weak dynamical 
gravity in the d — 1 dimensional description, with large-c matter sector. 

One basic question is whether the (i— 1-dimensional matter theory here is UV complete by 
itself (and just happens to be coupled to gravity in the case that it arises as part of a dual for 
de Sitter). Another possibility, analogous to the situation obtained for non-supersymmetric 
warped throats in |3l] , is that the matter theory only exists as a low energy effective theory. 
In general, we would like to understand the couplings of the matter degrees of freedom to 
Liouville gravity in our setup. 

A related question concerns the microscopic interpretation of the entropy. So far we 
obtained a parametric result, but not the precise coefficient. Even in AdS/CFT, obtaining 
the precise coefficient is difficult; for example in the TV = 4 supersymmetric Yang Mills 
theory there is a famous ratio of 3/4 between the strong and weak coupling results. In 
the present case, the coupling to d — 1-dimensional gravity is a further complication. In 
particular, altogether the central charge vanishes in a theory of gravity, something borne out 
by the macroscopic calculations in [6]. Perhaps in the case d — 1 = 2, the effective central 
charge is the appropriate notion of a count of degrees of freedom; this is sensitive to the 
matter contribution. 

Our construction is reminiscent of the attempt [11] to count Schwarzschild entropy with 
a brane-antibrane system. In the present case, there is a variety of brane constructions which 
reflects the landscape of possible solutions: each de Sitter solution corresponds to a definite 
brane construction. 
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Our solutions eventually decay. Decay modes include the strongly coupled, exponentially 
suppressed version of brane-antibrane annihilation: Schwinger decay of the flux dual to the 
color branes. The decay of de Sitter solutions into each other or to regions of zero or negative 
cosmological constant is central in many attempts to formulate the landscape en masse, and 
concrete input from microscopic brane constructions may be useful. 

Acknowledgements 

We are grateful to Joe Polchinski for many interesting discussions and comments on a draft. 
We also would like to thank M. Douglas, D. Morrison and S. Shenker for extensive discussions 
of various aspects of this work, and R. Flauger, B. Freivogel, S. Kachru, R. Kallosh, L. 
Susskind, D. Tong, and E. Witten for useful comments. This work was supported by the 
National Science Foundation under grant PHY05-51164, the UCSB Department of Physics, 
the DOE under contract DE-AC03-76SF00515, and by a WiUiam K. Bowes Jr. Stanford 
Graduate Fellowship. 

References 

[1] G. W. Gibbons and S. W. Hawking, "Cosmological Event Horizons, Thermodynamics, 
And Particle Creation," Phys. Rev. D 15, 2738 (1977). 

[2] A. Strominger and C. Vafa, "Microscopic Origin of the Bekenstein-Hawking Entropy," 
Phys. Lett. B 379, 99 (1996) [arXiv:hep-th/9601029]. 

[3] C. G. Callan and J. M. Maldacena, "D-brane Approach to Black Hole Quantum 
Mechanics," Nucl. Phys. B 472, 591 (1996) [arXiv:hep-th/9602043]; 

J. M. Maldacena and L. Susskind, "D-branes and Fat Black Holes," Nucl. Phys. B 
475, 679 (1996) [arXiv:hep-th/9604042]. 

[4] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 
1113 (1999)] [arXiv:hep-th/9711200]. 

E. Witten, "Anti-de Sitter space and holography," Adv. Theor. Math. Phys. 2, 253 
(1998) [arXiv:hep-th/9802150]; 

S. S. Gubser, I. R. Klebanov and A. M. Polyakov, "Gauge theory correlators from 
non-critical string theory," Phys. Lett. B 428, 105 (1998) [arXiv:hep-th/9802109]. 

[5] J. Polchinski and E. Silverstein, "Dual Purpose Landscaping Tools: Small Extra 
Dimensions in AdS/CFT," arXiv:0908.0756 [hep-th]. 

[6] A. Karch, "Auto-localization in de-Sitter space," JHEP 0307, 050 (2003) 
[arXiv:hep-th/0305192]; 

33 



M. Alishahiha, A. Karch, E. Silverstein and D. Tong, "The dS/dS correspondence," 
MP Conf. Proc. 743, 393 (2005) [arXiv:hep-th/0407125]; 

M. Alishahiha, A. Karch and E. Silverstein, "Hologravity," JHEP 0506, 028 (2005) 
[arXiv:hep-th/0504056]. 

[7] A. Strominger, "The dS/CFT correspondence," JHEP 0110, 034 (2001) 
[arXiv:hep-th/0106113]. 

[8] B. Freivogel, Y. Sekino, L. Susskind and C. P. Yeh, "A holographic framework for 
eternal inflation," Phys. Rev. D 74, 086003 (2006) [arXiv:hep-th/0606204]; 

R. Bousso, B. Freivogel, Y. Sekino, S. Shenker, L. Susskind, 1. S. Yang and C. P. Yeh, 
"Future Foam," Phys. Rev. D 78, 063538 (2008) [arXiv:0807.1947 [hep-th]]. 

[9] N. Arkani-Hamed, S. Dubovsky, A. Nicolis, E. Trincherini and G. Villadoro, "A 
Measure of de Sitter Entropy and Eternal Inflation," JHEP 0705, 055 (2007) 

[arXiv:0704.1814 [hep-th]]; 

S. Dubovsky, L. Senatore and G. Villadoro, "The Volume of the Universe after 
Inflation and de Sitter Entropy," JHEP 0904, 118 (2009) [arXiv:0812.2246 [hep-th]]. 

[10] T. Banks, "Cosmological breaking of supersymmetry or little Lambda goes back to the 
future. II," arXiv:hep-th/0007146. 

[11] U. H. Danielsson, A. Guijosa and M. Kruczenski, "Brane-antibrane systems at finite 
temperature and the entropy of black branes," JHEP 0109, Oil (2001) 
[arXiv:hep-th/0106201]. 

[12] S. B. Giddings, S. Kachru and J. Polchinski, "Hierarchies from fluxes in string 
compactifications," Phys. Rev. D 66, 106006 (2002) [arXiv:hep-th/0105097]. 

[13] L. Randall and R. Sundrum, "An alternative to compactification," Phys. Rev. Lett. 
83, 4690 (1999) [arXiv:hep-th/9906064]. 

[14] I. R. Klebanov and M. J. Strassler, "Supergravity and a confining gauge theory: 

Duality cascades and chi SB-resolution of naked singularities," JHEP 0008, 052 (2000) 
[arXiv:hep-th/0007191]. 

[15] S. S. Gubser, "AdS/CFT and gravity," Phys. Rev. D 63, 084017 (2001) 
[arXiv:hep-th/9912001]. 

[16] S. Hawking, J. M. Maldacena and A. Strominger, "DeSitter entropy, quantum 
entanglement and AdS/CFT," JHEP 0105, 001 (2001) [arXiv:hep-th/0002145]. 



34 



[17] A. R. Frey, "Warped strings: Self-dual flux and contemporary compactifications," 
arXiv:hep-tli/0308156; 

E. Silverstein, "TASl / PiTP / ISS lectures on moduli and microphysics," 
arXiv:hep-th/0405068; 

M. Grana, "Flux compactifications in string theory: A comprehensive review," Phys. 
Kept. 423, 91 (2006) [arXiv:hep-th/0509003]; 

J. Polchinski, "The cosmological constant and the string landscape," 
arXiv:hep-th/0603249; 

M. R. Douglas and S. Kachru, "Flux compactification," arXiv:hep-th/0610102; 

F. Denef, M. R. Douglas and S. Kachru, "Physics of string flux compactifications," 
arXiv:hep-th/0701050; 

R. Bousso, "TASI Lectures on the Cosmological Constant," arXiv:0708.4231 [hep-th]; 

F. Denef, "Les Houches Lectures on Constructing String Vacua," arXiv:0803.1194 
[hep-th] . 

[18] Work in progress. 

[19] B. R. Greene, A. D. Shapere, C. Vafa and S. T. Yau, "Stringy Cosmic Strings And 
Noncompact Calabi-Yau Manifolds," Nucl. Phys. B 337, 1 (1990). 

[20] S. Hellerman, J. McGreevy and B. Williams, "Geometric Constructions of 

Nongeometric String Theories," JHEP 0401, 024 (2004) [arXiv:hep-th/0208174]; 

D. Vegh and J. McGreevy, "Semi-Flatland," JHEP 0810, 068 (2008) [arXiv:0808.1569 

[hep-th]]. 

[21] O. Aharony, A. Fayyazuddin and J. M. Maldacena, "The large N limit of N = 2,1 field 
theories from three-branes in F-theory," JHEP 9807, 013 (1998) 
[arXiv:hep-th/9806159]. 

[22] S. Weinberg, "Anthropic Bound on the Cosmological Constant," Phys. Rev. Lett. 59, 
2607 (1987). 

[23] R. Bousso and J. Polchinski, "Quantization of four-form fluxes and dynamical 
neutralization of the cosmological constant," JHEP 0006, 006 (2000) 
[arXiv:hep-th/0004134]. 

[24] E. Silverstein, "(A)dS backgrounds from asymmetric orientifolds," 
arXiv:hep-th/0106209; 

A. Maloney, E. Silverstein and A. Strominger, "De Sitter space in noncritical string 
theory," arXiv:hep-th/0205316. 

35 



[25] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, "De Sitter vacua in string 
theory," Phys. Rev. D 68, 046005 (2003) [arXiv:hep-th/0301240]. 

[26] E. Silverstein, "Simple de Sitter Solutions," Phys. Rev. D 77, 106006 (2008) 
[arXiv:0712.1196 [hep-th]]. 

[27] M. P. Hertzberg, S. Kachru, W. Taylor and M. Tegmark, "Inflationary Constraints on 
Type IIA String Theory," JHEP 0712, 095 (2007) [arXiv:0711.2512 [hep-th]]. 

S. S. Haque, G. Shiu, B. Underwood and T. Van Riet, "Minimal simple de Sitter 
solutions," Phys. Rev. D 79, 086005 (2009) [arXiv:0810.5328 [hep-th]]; 

C Caviezel, P. Koerber, S. Kors, D. Lust, T. Wrase and M. Zagermann, "On the 
Cosmology of Type IIA Compactifications on SU(3)-structure Manifolds," JHEP 
0904, 010 (2009) [arXiv:0812.3551 [hep-th]]. 

R. Flauger, S. Paban, D. Robbins and T. Wrase, "Searching for slow-roll moduli 
inflation in massive type IIA supergravity with metric fluxes," Phys. Rev. D 79, 
086011 (2009) [arXiv:0812.3886 [hep-th]]. 

U. H. Danielsson, S. S. Haque, G. Shiu and T. Van Riet, "Towards Classical de Sitter 
Solutions in String Theory," JHEP 0909, 114 (2009) [arXiv:0907.2041 [hep-th]]; 

B. de Carlos, A. Guarino and J. M. Moreno, "Flux moduli stabilisation, Supergravity 
algebras and no-go theorems," JHEP 1001, 012 (2010) [arXiv:0907.5580 [hep-th]]; 

C. Caviezel, T. Wrase and M. Zagermann, "Moduli Stabilization and Cosmology of 
Type IIB on SU(2)-Structure Orientifolds," JHEP 1004, Oil (2010) [arXiv:0912.3287 

[hep-th]]. 

G. Dibitetto, R. Linares and D. Roest, "Flux Compactifications, Gauge Algebras and 
De Sitter," Phys. Lett. B 688, 96 (2010) [arXiv: 1001.3982 [hep-th]]; 

T. Wrase and M. Zagermann, "On Classical de Sitter Vacua in String Theory," 
arXiv:1003.0029 [hep-th]; 

U. H. Danielsson, P. Koerber and T. Van Riet, "Universal de Sitter solutions at 
tree-level," arXiv: 1003.3590 [hep-th]; 

D. Andriot, E. Goi, R. Minasian and M. Petrini, "Supersymmetry breaking branes on 
solvmanifolds and de Sitter vacua in string theory," arXiv: 1003.3774 [hep-th]. 

[28] G. Shiu, G. Torroba, B. Underwood, M. R. Douglas, "Dynamics of Warped Flux 
Compactifications," JHEP 0806, 024 (2008). [arXiv:0803.3068 [hep-th]]. 

M. R. Douglas, G. Torroba, "Kinetic terms in warped compactifications," JHEP 0905, 
013 (2009). [arXiv:0805.3700 [hep-th]]. 



36 



A. R. Frey, G. Torroba, B. Underwood and M. R. Douglas, "The Universal Kaliler 
Modulus in Warped Compactifications," JHEP 0901, 036 (2009). [arXiv:0810.5768 

[hep-th]]. 

[29] S. B. Giddings and A. Maharana, "Dynamics of warped compactifications and the 
shape of the warped landscape," Phys. Rev. D 73, 126003 (2006) 
[arXiv:hep-th/0507158]. 

[30] M. R. Douglas, "Effective potential and warp factor dynamics," arXiv:0911.3378 
[hep-th] ; 

M. R. Douglas and R. Kallosh, "Compactification on negatively curved manifolds," 
arXiv: 100 1.4008 [hep-th]. 

[31] E. Witten, "Phases of N = 2 theories in two dimensions," Nucl. Phys. B 403, 159 
(1993) [arXiv:hep-th/9301042]. 

T. Ishii, G. Ishiki, S. Shimasaki and A. Tsuchiya, "T-duality, fiber bundles and 
matrices," JHEP 0705, 014 (2007) [arXiv:hep-th/0703021]. 

E. Cremmer, B. Julia, H. Lu et ai, "Dualization of dualities. 2. Twisted selfduality of 
doubled fields, and superdualities," Nucl. Phys. B535, 242-292 (1998). 
[hep-th/9806106]. 

[34] S. Kachru, D. Simic and S. P. Trivedi, "Stable Non-Supersymmetric Throats in String 
Theory," arXiv:0905.2970 [hep-th]. 



37 



